Listening to speech in noise can be exhausting, especially for older adults with impaired hearing. Pupil dilation is thought to track the difficulty associated with listening to speech at various intelligibility levels for young and middle-aged adults. This study examined changes in the pupil response with acoustic and lexical manipulations of difficulty in older adults with hearing loss. Participants identified words at two signal-to-noise ratios (SNRs) among options that could include a similar-sounding lexical competitor. Growth Curve Analyses revealed that the pupil response was affected by an SNR ¥ Lexical competition interaction, such that it was larger and more delayed and sustained in the harder SNR condition, particularly in the presence of lexical competition. Pupillometry detected these effects for correct trials and across reaction times, suggesting it provides additional evidence of task difficulty than behavioral measures alone.
Nearly two thirds of people 70 years of age and older have hearing loss (Lin, Thorpe, Gordon-Salant, & Ferrucci, 2011) , and the proportion of older adults in the U.S. population is expected to double over the next 20 years. Hearing loss increases the difficulty of speech recognition, particularly in background noise (e.g., Plomp, 1994) . Even when speech recognition for hearing-impaired and normal-hearing adults is similar, the ease with which the task is accomplished may differ substantially among individuals (Fraser, Gagné, Alepins, & Dubois, 2010; Gatehouse & Gordon, 1990; Hällgren, Larsby, Lyxell, & Arlinger, 2005) . Indeed, for older adults with hearing loss, the experience of feeling tired or frustrated listening to speech in noisy environments is all too familiar (Edwards, 2007) . Characterizing differences in the task demands experienced during speech recognition may help explain why certain individuals are more likely to discontinue participation in hearing loss interventions and may help in tailoring individualized training programs or hearing aid fittings.
Increased effort and fatigue have been associated with both hearing loss (Hétu, Riverin, Lalande, Getty, & St-Cyr, 1988; Hicks & Tharpe, 2002; McCoy et al., 2005; Nachtegaal et al., 2009 ) and aging (Anderson Gosselin & Gagné, 2011; Piquado, Isaacowitz, & Wingfield, 2010) , based on purported metrics of effort that included self-report, slowed reaction times on dual-task interference paradigms, reduced memory for speech, and physiological measures. Older adults with clinically normal hearing appear to exert more task-related effort than younger adults, perhaps because of declining cognitive (Salthouse, 1996; Salthouse, Babcock, & Shaw, 1991; Wingfield, Stine, Lahar, & Aberdeen, 1988) and neural resources (Dennis & Cabeza, 2008; Eckert, 2011) .
Previous studies that examined subjective measures of listening effort have typically included self-assessment scales (e.g., Hétu et al., 1988; Nachtegaal et al., 2009 ; see also Humes, 1999 , for examples). However, there are at least two limitations to self-report measures of effort. First, people may vary in their ability to introspect and be unbiased in responding. Second, surveys are filled out after task completion, thus increasing the likelihood that perceived effort may not accurately be recalled and that responses will reflect an average of perceived effort across many trials and many different conditions. These factors may contribute to the lack of consistent correlations between subjective ratings and task demands and with other purported metrics of effort (e.g., Hicks & Tharpe, 2002 , Mackersie & Cones, 2011 .
In contrast, physiological measurements can be unobtrusively obtained throughout a task, are free from subjective biases, and have been shown to relate to task demand (e.g., skin conductance and electromyography; Mackersie & Cones, 2011) . In particular, research has shown that pupils dilate with increasing task demands (Kahneman & Beatty, 1966; Piquado et al., 2010; Zekveld, Kramer, & Festen, 2010 , 2011 and response selection difficulty (Laeng, Ørbo, Holmlund, & Miozzo, 2011) , as the pupillary response is controlled in part by the locus coeruleus (LC) attention system (Aston-Jones & Cohen, 2005; Gilzenrat, Cohen, Rajkowski, & Aston-Jones, 2003; Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010; Rajkowski, Kubiak, & Aston-Jones, 1993) . Although more evidence is needed to clarify the link between how demanding a task is and how much cognitive effort is exerted to complete it (cf. "evaluation of demands on capacity" and "allocation policy" of Kahneman's capacity model for attention; Kahneman, 1973) , task-related pupil dilation is thought to reflect variation in cognitive control and attention (Jepma & Nieuwenhuis, 2011; Moresi et al., 2008; Verney, Granholm, & Marshall, 2004) .
Recently, pupillometry has been used to study the pupil response during measures of speech recognition in difficult listening environments. Zekveld and colleagues (2010) examined the pupillary response of younger adults with normal hearing who listened to sentences presented in noise at three signal-to-noise ratios (SNRs). With decreasing SNR, mean pupil dilation, peak pupil dilation, and the time-to-peak latency increased. Selfreported ratings of effort also increased with decreasing intelligibility. In a separate study, Zekveld and colleagues (2011) tested speech recognition in middle-aged adults and found that pupil size decreased with increasing sentence intelligibility, but to a lesser degree for hearing impaired individuals. This was interpreted to indicate that adults with hearing loss experienced greater task demands even in relatively easy listening conditions.
Although manipulations of SNR, memory load, and response selection difficulty have been shown to influence pupil size, pupil size also varies with the lexical properties of words. For example, correctly recognizing words with lower lexical frequency is associated with larger pupil dilation than correctly recognizing words with higher lexical frequency in younger adults (Kuchinke, Võ, Hofmann, & Jacobs, 2007; Papesh & Goldinger, 2012) . Additionally, behavioral studies have shown that the likelihood of correctly identifying a word decreases as its neighborhood density (the number of words that sound similar to it) increases for listeners with both impaired and normal hearing (Dirks, Takayana, & Moshfegh, 2001; Dirks, Takayanagi, Moshfegh, Noffsinger, & Fausti, 2001) . However, the influence of lexical competition on speech recognition performance has been shown to vary with age. Older adults are more negatively affected by lexical competition than younger adults (Sommers, 1996; Sommers & Danielson, 1999; Taler, Aaron, Steinmetz, & Pisoni, 2010) . For example, Ben-David et al. (2011) used eye-tracking measures to demonstrate that older adults were less likely to preferentially fixate a target word compared to a rhyming word, particularly in background noise. This was true, even though mean levels of performance were equivalent across age. These results suggest that response selection difficulty associated with lexical competition may compound the listening difficulty experienced by older adults.
Extending previous work, our study of older adults examined variation in listening difficulty by measuring percent correct word identification, reaction time (RT), and pupil size in response to both acoustic listening difficulty and lexical response selection difficulty. Pupillometry data were sampled across the duration of each trial, thereby allowing for the examination of the impact of task difficulty manipulations across the time course of the pupil response. Using an orthographic version of the Visual World Paradigm (VWP), we examined changes in the shape and timing of the pupil response associated with the difficulty of identifying an aurally presented word at different SNRs as well as with selecting that word from a set of orthographically presented options that could include a lexical competitor.
To the extent that behavioral measures are sensitive to acoustic and lexical response selection manipulations of task difficulty, increased difficulty (poorer SNR or the presence of a lexical competitor) was predicted to result in decreased word identification and increased RT. We assessed the relative sensitivity of these measures, given the evidence that RT decreases during easier listening conditions (aided vs. unaided speech), even when speech recognition is similar (Gatehouse & Gordon, 1990; though cf. Hällgren et al., 2005) .
We also examined the extent to which pupillometry would provide additional evidence of task difficulty beyond word identification and reaction times. The benefit of collecting pupil size metrics in addition to behavioral measures is that dilation is an involuntary physiological response that can be recorded across an entire experiment and is not under direct control (compared to behavioral measures such as reaction time). This kind of metric, along with the appropriate statistical analyses, provides a means to examine changes in difficulty throughout task processing.
The current study paradigm (orthographic VWP) had participants listen to words at two SNRs, which were selected to be easier and harder than a baseline SNR that elicited a moderate level of speech recognition performance. Participants selected the word they heard from a set of options, which either did or did not contain a competitor word, from a touchscreen computer. The harder relative SNR (rSNR) was predicted to result in greater average pupil size that was delayed to peak and remained elevated following the peak (i.e., more sustained). Because response selection difficulty has been shown to influence the pupil response (Laeng et al., 2011) , lexical competition (phonological overlap among response options) was also predicted to result in a larger average pupil size, increased delay to peak, and a sustained, elevated response following the peak. An interaction between rSNR and lexical competition was hypothesized to the extent that listening during a harder rSNR condition increases the difficulty of distinguishing among similar sounding words. To evaluate these hypotheses, we used Growth Curve Analysis (GCA), a statistical technique that is appropriate for analyzing changes in metrics over time (Magnuson, Dixon, Tanenhaus, & Aslin, 2007; Mirman, Dixon, & Magnuson, 2008) . We examined these GCA results with respect to behavioral measures of task difficulty (percent correct word identification and RTs) and to traditional pupil size measures that involve conducting analyses of variance (ANOVAs) on amplitudes and latencies obtained from peak-picked data within a particular time window of interest.
In sum, we examined the extent to which the pupil response, a physiological response, indexes both acoustic listening difficulty and lexical response selection difficulty, independently of differences in behavior in a sample of older adults with hearing loss. In this way, we assessed the extent to which the difficulty experienced in acoustic conditions is compounded by lexical competition in hearing-impaired older adults.
Method Participants
Twenty-one healthy older adults (10 female) age 61 to 88 (M = 73.14, SD = 8.22 years) participated in this experiment as part of a larger study assessing a speech perception training protocol. Figure 1 ) and could be considered candidates for hearing aids. However, no participant had previous experience with hearing aids. Asymmetry between the ears was limited to 15 dB at each frequency. For most (16) participants, stimuli were presented to the right ear. If sufficient audibility (to be discussed below) could not be assured for the right ear, stimuli were presented to the left ear (5 participants).
Equipment
Participants sat 30 cm away from a 19-in. Elo touchscreen monitor with a 60 Hz refresh rate, allowing them to comfortably reach the screen to respond. The illumination of the room was kept constant across the experiment for all individuals, dimmed to 160 lux. Stimulus presentation was controlled by MATLAB 2009b running the Psychophysics Toolbox v.3.0.8 on a Dell Optiplex 780 computer. Auditory stimuli were presented through a Tucker Davis Technologies (TDT) System III Real-Time Processor (RP2.1), attenuated by a headphone buffer (TDT HB7), and delivered to one of a pair of ER-3A insert earphones (though both earphones were inserted). Following eye tracker setup and calibration, an Arrington Research PC-60 ViewPoint EyeTracker using software v.2.8.5 sampled pupil size and position data at 60 Hz using the dark pupil method (www.ArringtonResearch.com). Because of individual variations in the distance of the camera to the eye, pupil measurements were recorded as proportions of the screen size rather than in millimeters. Participants sat with their heads in a fixed position and a slip-correction phase, in which participants refixated one of the calibration points that occurred periodically to allow for the correction of slight head movements.
Pupil height and width were measured with better than .03-mm resolution with no averaging. The ViewPoint software fits an ellipse to the pupil in real time, for each sample (every 16.67 ms) outputting the length of the major axis (longest length, which at central fixation is the pupil width) and minor axis (shortest length, which at central fixation is the pupil height). Whereas the minor axis becomes small as the eye rotates away from the camera, the major axis does not, resulting in accurate pupil size measurements during eye movements. Calculations confirmed this result, as the average Pearson correlation across the study participants between pupil size and proximity to the lower right side of the screen (the eye tracker camera location) was .03 for the major axis (two-tailed z-test for Fisher's converted r-to-z scores, z = .47, n.s. different from 0) but .25 for the minor axis (z = 5.39, p < .001). Thus, only the major axis was used as the measurement of pupil size. Additionally, we observed that the average number of fixations did not vary across any of the conditions: rSNR, F(1,20) < 1, lexical competition, F(1,20) < 1.45, p > .05; interaction, F(1,20) < 1; all post hoc paired t tests, p > .10, thus precluding variations in fixation frequency as the source of rSNR and lexical competition effects on the pupil response.
Materials
Speech and background noise were spectrally shaped for each individual (i.e., levels of speech and noise at each one-third octave band frequency were at least 20 dB higher than threshold) to ensure audibility through 4.0 kHz, thus simulating a well-fit hearing aid (Burk & Humes, 2008; Humes, Burk, Strauser, & Kinney, 2009 ). The noise consisted of two-talker International Collegium for Rehabilitative Audiology (ICRA) vocoded noise (Dreschler, Verschuure, Ludvigsen, & Westermann, 2001) , which is spectrally shaped like speech but completely unintelligible. Each word was presented at three rSNRs: baseline, easier (2 dB better than baseline SNR), and harder (2 dB worse than baseline SNR). Baseline SNR was determined through an initial open-set word recognition task in which participants repeated aloud words presented with ICRA noise. The default baseline SNR was -2 dB and was adjusted if percent correct recognition for an individual fell outside the 30%-70% range. This procedure minimized floor or ceiling effects and provided a moderate level of task difficulty, such that individuals would be unlikely to not try or give up. Thus, the baseline SNR was -2 dB for 15 participants, -1 dB for 5 participants, and 0 dB for 1 participant. Open-set word recognition scores at this individually tailored baseline SNR ranged from 36% to 53% (M = 47%, SD = 5%). Only the easier and harder rSNR conditions were analyzed in this study because participants were exposed to the baseline SNR prior to the eye-tracking session.
Each trial required participants to make a four-item forcedchoice response between the target word and three alternatives presented orthographically onscreen. In addition to the target word, for lexical competitor trials, the four items contained a foil word that shared the vowel and the initial or final consonant cluster with the target and two filler items that did not overlap with the target or foil word. The no-competitor trials contained only the target and three filler words. For half of the no-competitor trials, two of the three filler items shared the vowel and a consonant cluster with one another so that the presence of two similar sounding words in the response option set was not a cue that one of those two options was the target. Words were presented in rSNR blocks of eight words, with an equal number of trials (32) in each of the four possible rSNR ¥ lexical competition conditions, for a total of 128 trials that were entered into these analyses.
The order of rSNR presentation was balanced within participants such that each rSNR condition block appeared before and after each other rSNR block the same number of times across the experiment for each participant. Thus, whereas each word was presented exactly once in each rSNR (3 times total), the order of the rSNR presentation varied from item to item. In particular, there were six possible orderings of the three rSNR conditions (e.g., easier, then baseline, then harder versus easier, then harder, then baseline, etc.). Words were evenly distributed across each of these six possibilities within each participant. No target word was presented within 60 trials of its previous presentation. The order of the lexical competition manipulation was pseudo-random, such that neither lexical competition condition (competitor, no-competitor) appeared more than twice in a row. No individual word appeared in the same rSNR or spatial location on the touchscreen as it had appeared in previously. Additionally, the spatial location of the correct response was never the same more than two trials in a row. Because the design was balanced within participants, each participant received the same order of events.
The 256 words that made up these four-item response sets were selected from a list of the 600 most frequent words in English on which participants would be trained in the speech-perception training program. All words were spoken by a young adult male talker who was a native speaker of Midland North American English (see Humes et al., 2009 , for additional recording details). All words presented in a given four-item response set had the same number of syllables (one or two) and the same number of letters (two to seven letters). Target and foil words were balanced for (log) SUBLEX US word frequency (Brysbaert & New, 2009 ), orthographic and phonological word density, and the frequency of orthographic and phonological neighbors (Balota et al., 2007) , such that there were no significant differences on these measures between target and foil words (all p > .05). Following standard VWP design, two stimuli lists were created so that the target word on the first list became the foil word for a competitor trial or the filler word for a no-competitor trial on the second list (and vice versa). This further ensured that lexical properties of the target words did not drive the pattern of results. Twelve participants were run on list one and nine participants on list two.
Procedure
The study paradigm comprised the sequence of events presented in Figure 2 . Using the orthographic VWP (McQueen & Viebahn, 2007; Salverda & Tanenhaus, 2010) , each trial began with the participants fixating a small black circle (0.80°¥ 0.80°of visual angle) in the center of the display. Background noise began to play at 1000 ms, while the circle remained on the screen. At 1800 ms into the trial, the array of orthographic options appeared for 200 ms prior to word onset, as with previous VWP studies, allowing participants to preview the location of the words onscreen, but preventing them from strategically reading the words and accessing their phonological codes prior to hearing the target. Words were printed in 24 point Courier font in all caps so that each letter subtended the same amount of visual space (1.19°¥ 1.19°of visual angle per letter). They were positioned on the screen such that the center of each word (which were all the same length on a given trial) was 4 in., or 18.93°of visual angle away from the central fixation circle. This configuration required that participants make an eye movement away from central fixation in order to read the words, as they appeared well outside the 2°-6°of visual angle that make up the parafovea. At 2000 ms into the trial, a word was presented in the ongoing background noise. Participants were instructed to start by fixating the circle and then to select the word they heard from the visual array as quickly and accurately as possible by touching the screen. The next trial began immediately following their response, thus allowing for 2000 ms in between response selection and the subsequent word presentation onset. Four practice trials were completed before the task began.
Analyses
Behavioral. Trials for which the RT was more than 2.5 SD greater than that individual's mean were excluded from all analyses. This resulted in an average of 3.09% excluded trials [SD = 1.79%] per participant.
Separate 2 ¥ 2 repeated measures ANOVAs were performed to examine the impact of rSNR and lexical competition on word identification scores and log-transformed reaction time (log RT) measures (Huynh-Feldt corrections of repeated measures ANOVAs yielded identical statistical results throughout the article). Two-tailed t tests were computed to clarify significant interaction effects.
Pupillometry
Preprocessing. Pupil data preprocessing methods were similar to those previously reported in the literature (Piquado et al., 2010; Zekveld et al., 2010 Zekveld et al., , 2011 . The output of the eye tracker data files included the major axis length of the pupil at each time sample (i.e., every 16.67 ms for this 60-Hz eye tracker) as well as a data quality code that indicated whether the pupil was successfully located. Samples for which the pupil was not accurately detected or for which the pupil aspect ratio was less than one standard deviation below the mean for that trial (signaling a blink; Piquado et al., 2010) were removed and interpolated across. Trials for which more than 50% of the data required interpolation were removed from pupillometry analyses (Siegle, Steinhauer, Stenger, Konecky, & Carter, 2003) , which was on average 13.57 trials [SD = 21.97] per person (approximately 11% of trials), though on average only 25% 
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S.E. Kuchinsky et al. [SD = 11%] of trial time points required interpolation. Finally, pupil data were rescaled and baseline corrected. Mean pupil size across trials was, on average, positively scaled with its standard deviation within individuals (M r = .61). The strength of this relation differed across participants (SD r = .23), though it was not related to individual variation in age, hearing loss, number of fixations, or number of interpolated data points (all p > .05). Among the approaches that have controlled for scaling variability in pupillometry analyses (e.g., Engelhardt, Ferreira, & Patsenko, 2010; Hess & Polt, 1964; Nassar et al., 2012; Payne, Parry, & Harasymiw, 1968; Piquado et al., 2010) , we selected a within-trial mean scaling method to ensure consistent scaling of pupil size values across both trials and participants. Each trial data point was divided by the mean of the entire trial time series (from trial onset to RT) for each individual. Baseline correction (e.g., Zekveld et al., 2010 Zekveld et al., , 2011 was then performed to examine how much greater the pupil response was following word presentation in noise compared to a noise-only baseline. Mean pupil size was calculated within the 1000-ms epoch in which background noise played prior to word onset, and then was subtracted from each data point of that trial.
The preprocessed time series data were averaged within each participant and within each condition. For each average, a total of 113 time samples (1883.71 ms) following word onset were entered into pupil size analyses. This was the maximum number of time points for which average pupil size values were obtained for every condition and every participant. This cutoff was well below the average RT across individuals, even in the easiest condition (easier rSNR, no lexical competition, M = 2408.67 ms, SD = 343.20). Thus, limiting the analyzed data to this period reduced the likelihood that changes in the fit of the tail of the curve would solely be driven by variation in RTs across conditions. Growth curve analysis. GCA, which allows for the analysis of changes in pupil size over time, is a type of multilevel regression model (Bryk & Raudenbush, 2002; Hofmann, 1997 ) that fits orthogonal polynomial terms to time series data to model variations in the curve shape across conditions and individuals. GCA has become an increasingly adopted method for analyzing eye-tracking data, particularly in the VWP (Kalénine, Mirman, Middleton, & Buxbaum, 2012; Magnuson et al., 2007; Mirman et al., 2008; Mirman, Yee, Blumstein, & Magnuson, 2011) , as it is a more powerful analysis tool for understanding how metrics change over time compared to ANOVAs on time-binned data.
Key to the approach is that orthogonal parameters are used to describe the shape of the curve. This allows for the independent analysis of linear and nonlinear changes in pupil size over time, rather than potentially collinear measures such as average pupil size and peak pupil height and latency. In addition to analyses of logistic fixation data, GCA also has been applied to analyzing changes in continuous ocular metrics, such as fixation duration preferences across time (Trueswell & Papafragou, 2010 ). In the current study, GCA is extended to the analysis of pupil size data that are recorded during the VWP. For a clear and detailed explanation of the theory and application of GCA, including sample code, see Mirman et al. (2008) and the related author website (www.danmirman.org/gca).
The statistics program R (R Development Core Team, 2011) and its associated nlme package (Pinheiro, Bates, DebRoy, Sarkar, & R Development Core Team, 2009) were used for GCA computations. Pupil size is modeled as the dependent measure that is predicted by a series of fixed (regressors) and random effects (error terms). Orthogonalized time vectors capture independent aspects of the shape of the pupil response across time. In this study, Level 1 of the hierarchical model included an intercept and five orthogonal polynomial shape parameters (linear, quadratic, cubic, quartic, and quintic). For detailed depictions of how these parameters affect curve shape, see Kalénine et al. (2012) . To summarize, the intercept term represents the overall mean of the pupil response function (greater parameter estimates signify overall greater amplitude), and the linear term represents the slope of the entire pupil response (more positive parameter estimates signify greater pupil size toward the end versus the beginning of the pupil response). The quadratic term reflects the shape of the primary inflection point of the curve (more positive signifying a more linear, flatter distribution). For the cubic term, more positive values indicate an earlier shifted peak response, whereas more negative values indicate a later shifted peak response. Quartic and quintic terms describe the shape of secondary peaks in the tails of the pupil response.
The canonical pupil response includes an initial increase in pupil size in response to processing a stimulus (around a 700-ms peak latency) that falls back to baseline over time (Kahneman & Beatty, 1966) . As shown in the Results, examination of the pupil response across all trials revealed that a fifth-order polynomial best captured the overall shape of the pupil response. Polynomial shape parameters were allowed to vary across individuals by modeling participants as fixed-effect modulators of the shape parameters and by random effects. Of theoretical interest in this study was how rSNR and lexical competition affect the timing and amplitude of the pupil response peaks and tail, and thus we examined the extent to which interactions between rSNR and lexical competition modulated the intercept, linear, quadratic, cubic, quartic, and quintic terms.
To test whether an rSNR ¥ Lexical competition interaction significantly altered various aspects of the shape and timing of the pupillary response, a base model that contained participant fixed and random effects as well as all main effects (e.g., rSNR, linear term) and lower order interactions (e.g., rSNR ¥ linear term) was constructed (as the inclusion of these terms is necessary to anchor and evaluate higher order interactions). The higher order interaction terms (i.e., rSNR ¥ Lexical competition ¥ intercept, linear, quadratic, cubic, quartic, and quintic) were added through stepwise regression model building as Level 2 effects to the base model. The likelihood ratio of the models (the difference between models' -2LL, minus 2 times the log-likelihood) was examined to determine the extent to which the addition of each parameter significantly improved the model fit. If a parameter did not significantly improve model fit, it was removed to examine if the lower order interactions or main effects contributed to fit or also should be removed. Parameter beta (b) weights and their associated p values from submodels (e.g., the effect of rSNR when competition is held constant) were examined to clarify the strength and direction of significant effects.
Trials entered into GCA analyses were limited to those for which participants correctly identified the target word in order to examine the extent to which the pupillary response was sensitive to task difficulty even with correct performance across conditions. Correct trials were the focus because of the potentially unknown source of error for incorrect trials; a lapse in attention or misperceiving the word could contribute to an incorrect response but was
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unlikely to have occurred for correct responses. A total of 1,213 correct trials out of the 2,605 correct and incorrect trials that met preprocessing criteria were entered into GCA models. Although the experimental design manipulated task difficulty such that there were different numbers of correct trials in each condition, baseline rSNR determination prevented ceiling and floor effects that could result in any one condition being underpowered. Finally, to further examine the relative sensitivity of pupil size and RT metrics, the average log RT within each condition for each participant was added as a covariate to the model.
Peak-picking analyses.
To relate the results of the GCA to previous results, traditional analyses were conducted on amplitudes and latencies obtained from peak-picked pupillometry data, which had been preprocessed in the same way as the data for GCA. A time window of interest was defined as beginning at word onset and lasting 1500 ms. Based on a visual inspection of the data, this range captured the entire rise and initial fall of the pupil response across conditions and individuals. The average maximum pupil size and its corresponding latency value within this window were entered as dependent variables into two 2 (rSNR) ¥ 2 (lexical competition) repeated measures ANOVAs. Correlations between peak amplitude and latency with the parameter estimates for each of the GCA polynomial terms were calculated.
Results

Sensitivity of Behavioral Measures to Task Difficulty
We performed 2 ¥ 2 repeated measures ANOVAs to examine the effect of rSNR (easier vs. harder) and lexical competition (competitor vs. no competitor) on percent correct word identification scores and RTs. There was a significant interaction between rSNR and lexical competition for correct word identification, 33. There was no evidence that this pattern of results was related to individual differences in speed-accuracy trade-off criteria. The correlation between average percent correct word identification and average log-transformed RT across all trials was nonsignificant within each rSNR and lexical competition condition (all p > .10).
Sensitivity of the Pupil Response to Task Difficulty
GCA demonstrated an impact of the task difficulty manipulations (rSNR and lexical competition) on the shape and timing of the pupil response. Across all correct trials (Table 1, Panel A) an rSNR ¥ lexical competition interaction affected each polynomial shape term, except for the linear term, with which only an effect of rSNR was observed. The mathematical equation summarizing the best-fitting GCA model is found in the footnotes for Table 1 . Table 1 , Panels B-D, present the beta values (parameter estimates) associated with each polynomial term in four submodels that were created to interpret the interaction terms: easier rSNR trials only, harder rSNR trials only, no-competitor trials only, and competitor trials only. For these categorical predictors, beta values represent a contrast estimate, such that they signify how much greater the effect was for the more difficult condition (harder rSNR, competitor) compared to the easier condition (easier, no-competitor). When examining only correctly identified word trials, log RT was sensitive to changes in rSNR, but did not reliably exhibit differences due to lexical competition within each rSNR. *p < .05.
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S.E. Kuchinsky et al. Acoustic and lexical selection difficulty affect average pupil size. The average size of pupil response (intercept) was largest in the most challenging condition (harder rSNR with lexical competition) compared to the other conditions, which did not significantly differ from one another (Figure 4 , Table 1 , Panels B-D). Specifically, mean pupil amplitude in the most challenging condition was larger than in the harder rSNR with no lexical competition condition (Table 1 , Panel C) and than in the easier rSNR with competition condition (Table 1 , Panel E). There was no difference between the least challenging condition (easier rSNR with no competition) compared to these two conditions (Table 1 , Panels B and D).
Acoustic and lexical selection difficulty affect pupil response delay to peak. The pupil response was more delayed to peak (cubic term) for the harder rSNR compared to the easier rSNR conditions, regardless of lexical competition (Table 1 , Panels D and E). There was a trend for the pupil response to be more delayed for competitor compared to no-competitor trials, though only within the easier rSNR condition (Table 1 , Panels B). Thus, more difficult conditions generally resulted in a delayed pupil response peak, though in the harder rSNR, the pupil peak was equally delayed across competition conditions (Table 1 , Panel C).
Acoustic and lexical selection difficulty affect pupil size sustainment. In both the most (Table 1 , Panels C and E) and least (Table 1 , Panels B and D) challenging conditions, the pupil response rose steeply (quadratic term). However, whereas the peak response in the most challenging condition was followed by sustained, elevated pupil dilation, following the peak response in the least challenging condition, pupil size fell toward baseline. Specifically, pupil size remained elevated compared to baseline in the most challenging condition (linear term), was less elevated for the harder rSNR without lexical competition condition, and was least elevated whenever the rSNR was easier (linear term, Table 1 , Panels B-E). Generally, more challenging conditions also resulted in a larger secondary peak (quartic and quintic terms), with the exception again of there being no competition difference within the harder rSNR condition (Table 1 , Panel C).
Additive contribution of RT. Including a RT covariate on each polynomial term of the model (intercept-quintic) improved model fit (likelihood ratio = 59.19, p < .001), such that longer RTs were associated with overall flatter (more linear) primary (quadratic b = 2331, p < .0001) and secondary peaks (quartic b = -2055, p < .0001; quintic b = -1134, p = .01). However, even with the inclusion of these covariates, the pattern of significance of the condition effects (rSNR on linear term, rSNR ¥ Lexical competition on all other terms) remained unchanged. The average percent change in beta values for these effects was 0.50% (SD = 1.19%). Thus the pupil shape parameters captured additive information regarding the effects of rSNR and lexical competition across time with RT and correct word identification.
Relation of peak-picking analyses to GCA. To compare the results of the GCA to previous pupillometry analyses, individual difference fixed-effect parameter estimates were correlated with individual differences in peak pupil amplitude and latency obtained through traditional peak-picking. Peak-picked pupil amplitude (M = .40, SD = .24) was significantly correlated with the intercept, r(19) = .84, p < .001, cubic, r(19) = .52, p < .05, and quartic, r(19) = -.44, p < .05, terms of the GCA model. Peak-picked Note. -2LL = -2*log likelihood; L Ratio = likelihood ratio. The first subscript on the beta parameters, P, indexes the order of polynomial effects (0 = intercept, 1 = linear, 2 = quadratic, etc.), while the second subscript, i, indexes individual participants or denotes effects across individuals with i = 0, as in bP0. S and L index rSNR and lexical competition conditions, respectively. The intercept and linear terms that varied by individual, b0i and b1i, were computed by partitioning random effects related to individuals and experiment conditions, xPiSL, from the fixed effects, gPi, such that bPi = gPi + xPiSL.
latency (M = .85 s, SD = .28) was significantly correlated with the linear, r(19) = .53, p < .05, and cubic, r(19) = -.50, p < .05, terms of the model. Thus, greater traditional peak pupil size was related to greater GCA average pupil size across the trial as well as an earlier peaking response. Greater traditional peak delay was related to GCA measures of elevated pupil size in the response tail as well as greater peak delay.
Traditional ANOVAs performed on peak-picked data revealed only a trend of an rSNR effect on both the peak amplitude, = . . Thus, there was relatively greater sensitivity for the GCA than peak-picking approach for capturing condition effects on the pupil response.
Summary.
More difficult task conditions were generally associated with independent measures of greater average pupil size, a more delayed peak, and elevated, sustained pupil size following the peak. Specifically, the most challenging condition (harder rSNR with lexical competition) was associated with the greatest average pupil response amplitude. The pupil response was more delayed in the harder rSNR condition, regardless of lexical competition, though lexical competition tended to increase delay within the easier rSNR condition. The most challenging condition was also associated with a more steeply peaking response that was followed by sustained, elevated pupil size. Because these results were obtained for correct trials despite variation in RTs, pupillometry additively characterizes the effects of rSNR and lexical competition on task difficulty in older adults with hearing loss.
Discussion
The results of the current study revealed information about task demands that were not indexed by word identification or RT measures alone, and thus provide a richer characterization of task difficulty experienced in challenging listening conditions. This study extends previous findings that pupil size is sensitive to acoustic manipulations of listening difficulty in younger and middle-aged normal-hearing and hearing-impaired adults (Zekveld et al., 2010 (Zekveld et al., , 2011 in three key ways. First, the current study was conducted with older adult participants (mean age 73 years old) who had mild to moderate sensorineural hearing loss. Second, following from findings that older adults are more negatively affected by lexical competition (Sommers, 1996; Sommers & Danielson, 1999; Taler et al., 2010) , the current paradigm demonstrates that the pupil response is sensitive to an interaction between both lexical competition in response selection and acoustic features of speech during listening. Third, the current study employed GCA in order to quantify the influence of these task difficulty manipulations across time, thus enhancing the sensitivity of pupillometry analyses.
Analysis of the behavioral data revealed that word identification was affected by lexical competition during response selection across listening conditions. However, acoustic listening difficulty effects were only observed in the absence of response selection competition. Additional behavioral analyses for correct trials revealed that RT was sensitive to manipulations of rSNR, following from previous literature showing that RT reflects variation in acoustic listening difficulty even when word identification is similar (Gatehouse & Gordon, 1990) . Thus, behavioral data suggest that word identification scores may be more reflective of response selection difficulty whereas RTs on correct trials may be more reflective of listening difficulty. Both performance measures provide additive information about the task difficulty experienced by older adults with hearing loss.
Following from findings that pupil size decreases with increasing intelligibility for young and middle-aged adults with normal and impaired hearing (Zekveld et al., 2010 (Zekveld et al., , 2011 , we found a similar relation between rSNR and the shape of the pupil response in a sample of older adults, even when examining only correct trials. More difficult rSNR resulted in greater average pupil size, a more delayed peak, and sustained pupil size following the peak. Extending previous work, we found that lexical competition interacted with rSNR such that when both were challenging, the pupil response was largest overall and specifically in the tail following the peak (i.e., most sustained). Importantly, these patterns of results were obtained when participants correctly identified the target word and when including an RT covariate in the pupil response model, indicating that the pupil response provides additive measures of task difficulty compared to behavioral measures alone.
Although previous research has suggested that pupil size in older adults is not sensitive to small changes in cognitive load (Van Gerven, Paas, Van Merriënboer, & Schmidt, 2004) , the current manipulations of task difficulty (4 dB difference in SNR and the presence a competitor word) along with the use of GCA were sufficient for us to observe a significantly modulated pupil response in our sample of older adults. Indeed, the effect of lexical competition on the pupil response may have been more easily observable in this study because older adults appear more negatively affected by lexical competition than younger adults (Ben-David et al., 2011; Sommers, 1996; Sommers & Danielson, 1999; Taler et al., 2010) .
Traditional peak-picking measures (i.e., peak amplitude, latency) were related to multiple parts of the pupil response curve: Traditional peak amplitude was related to the mean and delay of the pupil response as well as the shape of the extremities of the response as measured by GCA. Peak latency was related to the delay to peak and pupil size in the tail of the response. This indicates that peak amplitude may be influenced by multiple aspects of the pupil response shape and that peak-picked measures are likely to be collinear in some studies (i.e., both traditional peak amplitude and latency were related to the cubic term). GCA orthogonalizes each shape parameter term and therefore allows for independent assessment of the aspects of the pupil response affected by task manipulations. Traditional peak-picking analyses on the same data revealed only a trend of a main effect of rSNR on peak amplitude and latency similar to previous effects (Zekveld et al., 2010 (Zekveld et al., , 2011 and no effect of lexical competition on either measure. This suggests that GCA is a particularly sensitive analysis technique for detecting changes in the shape of the pupil response over time, similar to what has been described in fixation pattern analyses (Mirman et al., 2008) . Future work using deconvolution analysis on pupillometry data (Wierda, Rijn, Taatgen, & Martens, 2012) in combination with GCA may increase the ability to identify and distinguish the onsets and durations of different cognitive events (e.g., speech perception versus response selection). Separately analyzing each event type may then limit the complexity of the GCA models needed to describe these distinct pupil responses in empirically determined windows of interest.
A limitation of many studies of listening effort is that manipulations of task difficulty are assumed to be equivalent to manipulations of cognitive effort, although this may not necessarily be true. A task could be so easy or challenging that the participant exerts relatively little effort, thus resulting in a nonlinear relationship between performance or RT measures and the construct of cognitive effort. For example, in the current study, log RT across all trials was not correlated with correct word identification, r(19) = -.22, p > .05, and thus faster responding (potentially an indication of less effort) occurred for both correct and incorrect responses. Previous memory research has demonstrated that faster RTs are generally associated with both greater subjective ratings of confidence and reduced subjective ratings of effort (Robinson, Johnson, & Herndon, 1997) . The extent to which RT taps into listening effort versus response confidence and the relation between confidence and listening effort thus requires careful examination.
Pupil size measures aim to bridge the gap between task difficulty and cognitive effort, as the current and previous studies have shown that pupil size is not directly tied to behavioral performance. However, more work is needed to validate the relationship between task demands and effort and to understand the cognitive and neural processes that underlie various measures of effort. For example, whereas Zekveld et al. (2011) found that pupil size was related to self-report measures of effort, the same relationship has been shown to not hold for other effort metrics, such as dual-task measures (Sarampalis, Kalluri, Edwards, & Hafter, 2009) , skin conductance (Mackersie & Cones, 2011) , and, in some cases, performance and RT (Hallgren et al., 2005) . The current study employed moderate levels of task difficulty (rSNRs were tailored to the individual to avoid ceiling and floor effects). Studies in which task difficulty is systematically manipulated in order to capture a wide range of levels of difficulty while accounting for individual differences in personality metrics such as motivation will further characterize the potentially nonlinear relation between cognitive effort and task difficulty. For example, research in the memory domain has found that the pupil size of younger adults tends to plateau (Cabestrero, Crespo, & Quirós, 2009; Peavler, 1974) or even decrease (Granholm, Asarnow, Sarkin, & Dykes, 1996) when participants are asked to remember strings of digits that far exceed their working memory capacities. Thus, pupil size metrics may best inform theories of cognitive processing when they do not vary in a linear fashion with manipulations of task difficulty and with behavioral metrics, as when multiple sources of task difficulty and/or individual differences in cognition interact.
The results of this study set the foundation for assessing whether pupillometry may be a useful assessment tool for clinical populations. Indeed, hearing-loss intervention success is a multidimensional construct that may be assessed more completely by obtaining objective and subjective measures of speech recognition and subjective measures of listening effort (Humes, 1999) . However, the extent to which the pupil response may be used to assess how effort changes with (a) individual differences in hearing, cognitive skills, or both, or (b) within-individual changes following hearing-loss interventions has yet to be determined. Future research will evaluate whether pupillometry can provide an empirically based metric of hearing loss intervention success that is additive to current behavioral assessments, thus improving the clinical care that individuals with hearing loss receive (Kuchinsky, Eckert, & Dubno, 2011) .
